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Light electroweakinos, the neutral and charged fermionic supersymmetric partners of the Standard Model
SU(2) x U(1) gauge bosons and of the two SU(2) Higgs doublets, are an important target for searches for new
physics with the Large Hadron Collider (LHC). However, if the lightest neutralino is the dark matter, constraints
from direct dark matter detection experiments rule out large swaths of the parameter space accessible to the LHC,
including in large part the so-called “well-tempered” neutralinos. We focus on the Minimal Supersymmetric
Standard Model (MSSM) and explore in detail which regions of parameter space are not excluded by null
results from direct dark matter detection, assuming exclusive thermal production of neutralinos in the early
universe, and illustrate the complementarity with current and future LHC searches for electroweak gauginos. We
consider both bino-Higgsino and bino-wino “not-so-well-tempered” neutralinos, i.e. we include models where
the lightest neutralino constitutes only part of the cosmological dark matter, with the consequent suppression of
the constraints from direct and indirect dark matter searches.

I. INTRODUCTION

The “well-tempered neutralino”, an expression coined in
Ref. [1], emerges from the notion that LEP results [2] forced
supersymmetric particle masses to a range where the ther-
mal dark matter (DM) relic density is no longer “natural”, but
rather, is “critically” tuned (to use the language of Ref. [1]),
i.e. it results from some fine-tuning of the relevant parame-
ters, including soft supersymmetry breaking masses, in the
theory. Ref. [1] then argues that this is somewhat similar
to the naturalness problem associated with electroweak sym-
metry breaking, where, after LEP, parameters needed to be
somewhat tuned to reproduce the correct mass of the Z boson.
The well-tempered neutralino corresponds to the particular
fine tuning of the mass parameters relevant to the neutralino
sector: the soft-supersymmetry breaking masses associated
with the fermionic partners of the U(1)y and SU(2), gauge
bosons, M; and Ma, respectively, and the Higgsino mass pa-
rameter, p. As a result, well-tempered neutralinos correspond
to scenarios where My or My ~ p (bino-Higgsino or wino-
Higgsino mixed [3-7]) or M; ~ M5 (bino-wino mixed [5, 8—
10]). Similar scenarios of finely-tuned neutralino admixtures
were explored prior to Ref. [1], see for instance Ref. [4, 5].

In the LHC era, the situation pictured above has not sub-
stantially changed — rather, it has possibly become more dire,
as a result of null searches for squarks, gluinos and, as we
will discuss extensively here, for electroweakinos (by which
we mean neutralinos and charginos). Additionally, and per-
haps more importantly, the decade after Ref. [1] appeared
brought a substantial improvement in the limits from direct
dark matter searches by over three orders of magnitude in the
DM-nucleon scattering cross section, severely impacting the
mixed gaugino-Higgsino scenarios producing the correct ther-
mal relic neutralino density. This has been pointed out long
ago, e.g., in Ref. [11], which argued that there are veritable
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“target” direct detection rates for well-tempered neutralinos.
There exist caveats to this statement, however: first, in the
limit of null Higgsino fraction, that could be realized for a
well-tempered bino-wino scenario (see Sec. IIC), or, simi-
larly, in the limit of null gaugino fraction, spin-independent
and spin-dependent direct detection rates vanish, since the
coupling to Higgs bosons is proportional to the Higgsino-
gaugino mixing, and the coupling to the Z boson is propor-
tional to the Higgsino fraction (but also vanishes for pure
Higgsinos, which are Dirac fermions); secondly, it was re-
alized that there exist blind spots, where combinations of pa-
rameters conjure to cancel the lightest neutralino couplings
to the Z and/or to the Higgs boson(s) [12]. The blind spots
arise only for particular relative signs of M;, M, and pu, and
depend on the value of the ratio of the two Higgs doublets’
vacuum expectation values (vev), tan 5 [12]. The study of
blind spots was generalized to simplified models in Ref. [13]
in the Higgs decoupling limit, where all non-standard Higgs
bosons of the Higgs sector of the Minimal Supersymmetric
Standard Model (MSSM) are heavy. Additionally, blind spots
for spin-independent searches can also occur via interferences
between the two CP-even Higgs bosons h and H, for certain
relative values (depending on conventions) of the Higgsino
mass parameter, f, over the gaugino masses, M; o, as first
noticed in Ref. [14].

Ref. [15] studied the complementarity of dark matter
searches in the case of blind spots, pointing out three impor-
tant facts: (i) a blind spot for spin-independent direct detec-
tion is not blind for spin-dependent, as well as for searches for
neutrinos from the Sun with ICECUBE (whose rate depends on
the capture rate of neutralinos in the Sun, primarily driven by
spin-dependent interactions); (i7) blind spots typically corre-
spond to models where the predicted gamma-ray signal is too
low to be detectable with the FERMI LARGE AREA TELE-
SCOPE (LAT); and (iii) searches for supersymmetry with the
LHC can significantly cover blind spots.

Ref. [16] pointed out in 2011 that the (then) recent
XENON100 results [17] were in tension with a rather large
portion of the well-tempered bino-Higgsino scenario, barring
resonant annihilation channels via the light Higgs boson & or
the Z boson, and that the entire parameter space could be ruled



out with an increment of a factor of a few in the sensitivity
of direct dark matter searches. Indeed, Ref. [18] argues that
the entire well-tempered neutralino scenario is ruled out by
direct detection exclusion limits from XENON10O [17], PAN-
DAX [19], and LUX [20]; however, Ref. [18] denotes with
“well-tempered neutralino” essentially only bino-Higgsino
mixed scenarios, and does not consider bino-wino neutralino
admixtures or pure states. Similar conclusions are reached
in Ref. [21], which illustrates how a bino-dominated bino-
Higgsino mixed state is ruled out by the LUX constraints un-
less tan 5 < 3, assuming the Higgs decoupling limit; this
relatively low tan 8 value, in combination with the measure-
ment of the Higgs mass, then forces scalar top (stop) part-
ners to be heavier than ~ 25 TeV. Otherwise, non-standard
Higgs bosons need to be light, i.e. below around 400 GeV,
and tan S ~ 10 in order for blind spots to appear. Ref. [21]
also derives a lower limit to the lightest neutralino mass in
the Higgsino-like bino-Higgsino mixed case, which again de-
pends on the mass of the “heavy” non-standard Higgs bosons.

A similar study of mixed bino-Higgsino scenarios was fea-
tured in Ref. [22], which specifically addressed direct de-
tection blind spots arising from interference in the CP-even
Higgs boson exchange diagrams relevant for spin-independent
searches. In this context Ref. [22] addressed, along similar
lines to Ref. [15], how a “holistic” approach including di-
rect and indirect searches and collider searches for both heavy
Higgs boson and electroweakinos could test the remaining
open sections of parameter space. More studies of the in-
terplay of dark matter experiments and LHC searches in the
mixed bino-Higgsino dark matter scenario can be found in
Refs. [23, 24].

Traditionally, experimental searches at LEP and the LHC
for neutralinos and charginos have hinged upon a same-
sign dilepton or multilepton signature associated with miss-
ing transverse energy, [, assuming the direct production
of a heavier neutralino and the lightest chargino, or pairs of
heavier neutralinos or charginos. The final state leptons can
either arise from cascade or three-body decays of the neu-
tralinos and charginos via [virtual] scalar leptons (sleptons),
or in neutralino and chargino decays into the lightest neu-
tralino — the lightest supersymmetric particle (LSP) — and
a W or Z boson, which can subsequently decay leptonically.
LHC searches for this signature [25-27] are competitive over
large swaths of the gaugino mass parameter space, currently
excluding lightest chargino/second neutralino mass values of
up to ~ 450 GeV (in a simplified scenario where the Higgs-
ino mass parameter, u, as well as squarks and sleptons are
decoupled). However, these searches become insensitive in
scenarios with small mass differences Am between the de-
caying charginos/neutralinos and the LSP, in which case the
4-momenta of the final state leptons are typically small due
to phase space suppression, and these leptons escape detec-
tion. Indeed, as we will discuss in more detail in this work,
well-tempered neutralino dark matter scenarios quite gener-
ically feature such a compressed electroweakino mass spec-
trum, and thus traditional multilepton + J- collider searches
are rather insensitive.

More recently, dedicated LHC searches for scenarios with

a compressed electroweakino mass spectrum have been per-
formed, requiring two final state leptons, J, and an addi-
tional initial state radiated (ISR) jet. The additional ISR jet
recoils against the remaining objects, thus giving rise to larger
transverse momenta of the two leptons. These searches have
so far only been carried out by the CMS experiment. We shall
include the latest results from these searches as well as from
the traditional multilepton + J1 search by the CMS collabo-
ration in our work.

In addition to the search strategies outlined above, Ref. [28]
addressed and proposed a different search path based on the
possibility of radiative neutralino decays into the LSP and a
photon, potentially giving rise to an opposite-sign dilepton
signature associated with /0 and a detectable photon.

The focus of the present analysis is on what we refer to
as not-so-well tempered neutralinos: by that we mean both
the well-tempered case, where the thermal relic abundance
matches the observed cosmological dark matter abundance,
and under-abundant neutralinos, where the thermal relic den-
sity is smaller than the dark matter abundance. In the under-
abundant case, we assume that a different particle species con-
stitutes the remainder of the dark matter density. Indicating
the thermal neutralino density with p, and the cosmologi-
cal dark matter density with ppy;, we assume that the ratio
& = py/ppm < 1lis constant everywhere in the universe. As a
result we rescale the DM direct detection rates by the factor &,
and the gamma-ray flux from neutralino pair-annihilation by
a factor £2. We assume a standard cosmological thermal his-
tory, and thus we rule out models with £ > 1, even though a
late episode of entropy injection or other modifications to the
thermal history could in principle make such over-abundant
models viable.

In this paper we focus on the MSSM and explore how not-
so-well tempered neutralinos are constrained by current and
future direct and indirect dark matter detection experiments,
as well as by collider searches for supersymmetric particles.
The standard lore, which we reviewed above, is that direct de-
tection largely rules out well-tempered bino-higgsino scenar-
ios. Here we bring a different perspective compared to other
previous studies; specifically, we'

(i) include under-abundant models, where direct detection
constraints are suppressed relative to collider searches
by a factor &;

(i1) explore the impact of relatively light non-standard
Higgs bosons. The quasi-on-shell s-channel exchange
of the CP-odd and CP-even heavy Higgs boson opens
well-known funnels in the parameter space, where the
thermal relic density can be significantly suppressed by
resonant DM pair-annihilation;

(iii) systematically compare current and future DM direct
detection constraints with current and projected limits

! Some of these phenomenological features have been observed in global fit
studies of supersymmetric models, see e.g. Refs. [29-33].



from collider searches for supersymmetric particles and
with current and future gamma-ray searches.

The remainder of the paper is structured as follows: in
Sec. II we review the neutralino sector of the MSSM and fix
the notation for the relevant masses and mixing parameters;
we then describe the bino-Higgsino and bino-wino mixed neu-
tralino cases. Sec. III describes the current constraints that we
include in our study, specifically, DM direct detection exper-
iments, DM searches with gamma rays, and collider searches
for electroweakinos. Finally, we present our results in Sec. IV
and conclude in Sec. V.

II. WELL-TEMPERED NEUTRALINO SCENARIOS

In this section we briefly review the neutralino sector of the
MSSM and the specific cases of well-tempered bino-Higgsino
and bino-wino admixtures of the lightest neutralino. We
follow the conventions and notations of Ref. [34] (see also
e.g. Refs. [35-39] for introductions to the MSSM).

A. The neutralino sector of the MSSM

In the MSSM, the fermionic superpartners of the electri-
cally neutral SU(2) 1, x U(1)y gauge bosons, namely the bino,
B (the superpartner of the U(1)y gauge boson B) and the
wino, W (the superpartner of the neutral SU(2), gauge bo-
son W?), mix with the superpartners of the neutral compo-
nents of the two MSSM Higgs doublets, the Higgsinos, H
and H 0 The mixing is governed by the mass matrix

M1 0 —Mzcgsw M235SW
M = 0 M2 Mzcgcw 7M28[50W
T | —Mzegsw  Mzegew 0 —
Mzsgsw —Mgsgew —u 0
(1)

Here and throughout this paper we use the shorthand notation
cg = cosf, sg =sinp, tg = tan 3, cw = cosBy, sw =
sin Oy, ty = tan Oy etc.. Oy is the weak mixing angle and
My is the mass of the Z boson. In general, the gaugino and
Higgsino mass parameters M7, My and p are complex, thus
allowing for new sources of CP-violating interactions beyond
the SM. We restrict ourselves to the CP-conserving MSSM in
this work, thus all mass parameters are real.

After diagonalization, we obtain the physical mass eigen-
states, the neutralinos, X9 (i = 1,...,4, enumerating the
mass ordered states from lightest to heaviest). The neutralino
masses are then given by

diag(mgo, mgg, mgg, myg) = Z*MZ ™, 2)
where Z is the neutralino mixing matrix. The components of
the Z matrix play a central role in the coupling expressions of
the neutralino interactions with the neutral Higgs bosons. The

relevant terms in the Lagrangian for neutralino-neutralino-
scalar interactions are

Lyogos =— % (Hea — hsa) X0 (PRQne + PLCM) X¢

% (Hsa + hea) X (PrSpe + PLS)Y ) X0

’

- Z%A@nPR (Qné‘sﬁ - Snf%)fé?
—i%AX0, Py (Sen*CB - QerfSﬁ)X% 3)

We denote by ¢ = h and H the light and heavy neutral CP-
even Higgs boson, respectively, obtained after electroweak
symmetry breaking from the diagonalization of the CP-even
neutral components of the Higgs fields H, and H, by a ro-
tation with mixing angle a.. A is the neutral CP-odd Higgs
boson of the MSSM Higgs sector, and g5 is the SU(2);, gauge
coupling strength. We furthermore defined

"o
Qn( =

[/

nl —

(Zns (Zez —twZer) + Zos (Zna — tw Zn1)], (4)

>
2 Zna (Zeo —twZar) + Zoa (Zna — tw Zp1)] . (5)
Note that if the lightest neutralino, %Y, is either purely Hig-
gsino (Z11 = Zj12 = 0) or has no Higgsino component
(Z13 = Z14 = 0), then Q7; = S7;, = 0. In other words,
only if the lightest neutralino has both gaugino and Higgsino
components, the X{ %% (with ¢ = h, H, A) couplings will be
nonzero. These couplings play a major role both in neutralino
pair-annihilation processes as well as neutralino-nucleon scat-
tering processes that are mediated by Higgs bosons.

B. Bino-Higgsino case

For M; ~ p < Mo>, a scenario we indicate as bino-
Higgsino case, in the limit of large sfermion masses and
outside regions of resonant Higgs-mediated annihilation, the
lightest neutralino thermal relic density is set by the interplay
of four species which, depending on the relative splitting be-
tween M, and p, contribute to the effective pair-annihilation
cross section via co-annihilation: the three lightest neutrali-
nos, and the lightest chargino. Analytical expressions for the
thermal relic density in the limit of small mixing and for pure
Higgsinos can be found, for instance, in Ref. [1]. Above the Z
mass and below a lightest neutralino mass 1m0 < 500 GeV,
the correct thermal relic density is obtained for p 2 My, with
the difference (4 — M) decreasing with increasing mo. For
mgo > 500 GeV, we need My 2 p for the correct ther-
mal relic abundance, which eventually saturates to the pure
Higgsino value for lightest neutralino masses ~ 1 TeV. At
that point M, can take arbitrarily large values, and the lightest
neutralino is essentially a pure Higgsino.

C. Bino-Wino case

The mixed bino-wino case is rather similar to the bino-
Higgsino scenario, and it occurs if M; < My < pu; the main
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driver of the thermal relic abundance is the degree of mix-
ing between the lightest, bino-like neutralinos and its SU(2)-
charged co-annihilating partners. Such mixing is, to lowest
order, controlled by a mixing angle [1]

sin? Oy sin? BM2
2u(My — M)

0= (6)

The role of w is thus crucial for both the spin-independent di-
rect detection cross section (which depends on the degree of
Higgsino times gaugino fraction of the lightest neutralino) and
for setting the thermal relic density, at least for lightest neu-
tralino masses below the mass that produces a good thermal
relic in the pure wino limit, around 2 TeV. Once again, above
this latter threshold, the lightest neutralino is wino-like for any
value of M7 > M.

D. Wino-Higgsino case

A final third possibility is that of mixed wino-Higgsinos,
occurring for My ~ p < M;. The multiple coannihilation
channels and annihilation final states including SU(2) 1, gauge
bosons highly suppress the thermal relic density for any mass
within LHC reach, i.e. in the hundreds of GeV range, produc-
ing highly suppressed direct detection and indirect detection
rates. Collider searches are the only avenue open in this case,
and the exercise of comparing such searches with dark matter
searches is in this case not informative. We therefore do not
consider this case here.

III. EXPERIMENTAL CONSTRAINTS

In this section we describe the relevant experimental con-
straints on not-so-well tempered neutralino DM scenarios in
the MSSM, and how we include them in our study. We discuss
first the dark matter constraints obtained from the determina-
tion of the dark matter relic abundance, direct and indirect
detection experiments, and then the collider constraints from
searches for supersymmetric particles, as well as from Higgs
searches, at the LEP and LHC experiments.

On a technical note, we generate the MSSM particle mass
and decay spectrum with the SUSYHIT package (version
1.5a) [40-42]. DM relevant quantities such as the neu-
tralino relic abundance, the annihilation cross section and
neutralino-nucleon scattering cross section are evaluated with
MicrOMEGAs (version 4.3.1) [43, 44].

A. Dark Matter Constraints

We assume a standard cosmological thermal history, and
we assume that neutralinos are only produced through ther-
mal freeze-out. We rule out models with a thermal relic den-
sity larger than the 95% C.L. upper limit on the cold dark
matter density in the universe, according to Ref. [45]. Given
that QDMh2 = 0.1188 4 0.0022, where Qppy = pDM/pcrit

and h is the Hubble parameter in units of 100 km/s/Mpc,
the upper limit is QUaxh? = 0.1232. For models where
the thermal relic density p,, < ppy we define the quantity
¢ = min (1, Q, /Qpwm), thus allowing for the possibility that
neutralinos are only a fraction £ of the dark matter in the uni-
verse. We assume that £ is constant at all points in the universe
and consider a local neutralino density p, () = {ppm(Z).
We will consider models where €2, /Qpy > 1 as ruled out,
even though we will show results for those models, entertain-
ing the possibility that the right relic density is achieved via
appropriate dilution of the excessively large thermal relic den-
sity.

In practice, our procedure yields a suppression by a factor
& for direct detection rates, which depend linearly on p, =
£ppwm. and a suppression by a factor &2 for indirect detection
rates, specifically gamma-ray from dark matter annihilation,
which depend on p} = &2pp ;.

In terms of the specifics of the constraints, for the direct de-
tection constraints we use the results of the 2017 XENONI1T
collaboration [46], which are marginally but visibly stronger,
on our plots, than the recent 2016 LUX analysis [20]. We
make the same assumptions on the local dark matter den-
sity, velocity distribution, quark content of the proton as in
Ref. [20, 46].

For indirect detection with gamma rays, we consider a

proxy to the photon flux that only captures the “particle
physics” factor,

~ <O”U>0
= 7
d)’y Cy m)g( s @)
where
mx dN
Cy = —dE ~c-m® (8)
= :

indicates the gamma-ray multiplicity per dark matter annihi-
lation with o ~ 1.0 and ¢ ~ 1.0. We thus have

7 <O”U> o
by~ m§0 mee2. )

Following the results of Ref. [47] on searches for gamma rays
from local dwarf spheroidal galaxies, we approximate current
constraints from gamma-ray observations using

(ov)o 100 GeV \ >~
0,5 (3o ) (10)
v 3-10726 cm3s—1 My

Although approximate and somewhat model-dependent, this
criterion mirrors the general ability of indirect searches with
gamma rays to set firm constraints on the parameter space of
interest here. Other indirect or astrophysical searches for dark
matter are generally more model-dependent, or less sensitive,
than the limits implied by Eq. (10).




B. Collider Constraints
1. LEP Searches for EW Gauginos

The combination of results from all four LEP experiments
from searches for chargino pair production yields a lower limit
on the chargino mass of Mg+ > 103.5 GeV [48]. This limit
is quite robust, and only weakens slightly, to m + 2 95 GeV,
if the mass splitting Am between the chargmo and the light-
est neutralino is below 3 GeV (reaching the weakest limit of
meE 2 2 92 GeV at Am =~ 200 MeV) [49]. However, in the
results shown in this work Am always exceeds 3 GeV, so that
we can apply the limit M+ > 103.5 GeV everywhere.?

2. LHC Searches for EW Gauginos

CMS has searched for electroweak gauginos with two soft
oppositely charged leptons (electrons, muons), missing trans-
verse energy and an initial state radiated (ISR) jet in the final
state [50, 51], following ideas from Refs. [52, 53] (see also
Ref. [54]). This search is particularly sensitive to scenarios
with small mass splittings Am down to ~ 7.5 GeV between
the decaying EW gaugino and the lightest neutralino. A sim-
plified model interpretation is given for the production of the
lightest chargino, ﬁt, and second lightest neutralino, Y3, each
assumed to be pure wino gauge eigenstates, and fully decay-
ing to the lightest neutralino, )2(1), and a W or Z boson, re-
spectively.

The same SUSY process and simplified model was also
searched for in multilepton final states by ATLAS [25] and
CMS [26, 27]. These searches become only sensitive for mass
splittings of roughly Am 2> 25% - Mg+ due to the minimal

pr requirements of the leptons of the order of 20 to 25 GeV.
They exhibit their full sensitivity for large mass splittings Am
well above the Z boson mass, M.

In our analysis we include the CMS upper cross section lim-
its based on the latest results from the Moriond 2017 confer-
ence, usmg 35.9 fb~! of 13 TeV data [27, 51]. We evaluate
the X1 X3 (and, in the bino-Higgsino scenario, )2% X3) produc-
tion cross section at next-to-leading order (NLO) including
the resummation of large logarithms at the next-to-leading log
(NLL) level with the public code Resummino-2.0.1 [55—
59], using CTEQ6 . 6LO [60] and MSTW2008NLO90CL [61]
parton distribution functions (PDFs) through the LHAPDF
framework [62].

We furthermore include approximations of the expected
limits for future integrated luminosities of 100 fb~* and
300 fb~! in our analysis, assuming future null results and that
the total uncertainty is statistically dominated. Note, however,

2 Scenarios with Am < 3 GeV and m_ RE ™ O(90 — 100) GeV can only

be obtained if the bino component of the LSP is very small, and thus gener-
ically lead to a neutralino relic density that is much too small compared to
the observed dark matter density.

that the accuracy of our future limit estimates is rather limited
due to the lack of public information from the CMS search
analyses.’

3. LHC Searches for Higgs bosons

In the scenarios we consider here, we assume that SUSY
and Higgs mixing effects are sufficiently decoupled such that
the light Higgs boson possesses SM Higgs couplings to very
good approximation. Hence, the LHC Higgs boson sig-
nal strength measurements cannot discriminate our scenar-
ios from the SM picture unless the light Higgs boson can
decay into light SUSY states, in particular, to two lightest
neutralinos, h — Y9%?, which is an invisible final state.
Taking the combined ATLAS and CMS Higgs boson signal
strength determination for the 125 GeV Higgs boson [63],
i = 1.09 &+ 0.11, we can infer a 95% C.L. upper limit on
the invisible branching fraction of the Higgs boson, BR(h —
XixY) < 14.4%, assuming the Higgs couplings are unaltered
with respect to the SM (see e.g. Ref. [64, 65] for the method-
ology). Direct LHC searches for invisible Higgs decays, as-
suming SM Higgs production rates, currently give weaker up-
per limits on BR(h — X{xV), namely 28% and 36% from
ATLAS [66] and CMS [67], respectively. It turns out that in
all scenarios investigated in this work, BR(h — x{x!) never
exceeds the experimentally allowed value.

Since we focus in particular on scenarios where the heav-
ier MSSM Higgs bosons H and (to a lesser extent) A in the
intermediate mass range* influence the neutralino DM phe-
nomenology, we need to comment on the constraints arising
from LHC searches for these Higgs bosons. At large val-
ues of tan [ the strongest constraints arise from searches for
pp — HJA — 7777 [68, 69], where the Higgs bosons H
and A are produced either through gluon fusion or in associ-
ation with a pair of bottom quarks. The H and A couplings
to down-type fermions are tan $-enhanced, leading to sizable
signal rates for this process. For instance, in the represen-
tative MSSM m';b“"“ benchmark scenario [70], current null
results from ATLAS [68] and CMS [69] set an upper limit
of tanfB < 15 at My = 500 GeV. Note, however, that
in this scenario the gaugino and Higgsino soft-breaking mass
parameters are fixed to 2M; =~ My = pu = 200 GeV, lead-
ing to a light electroweakino mass spectrum and thus to non-
vanishing heavy Higgs to light neutralino/chargino decays.
Consequently, this suppresses the branching fraction for the H
and A decays into 7777, leading to a weaker tan 3 limit than
in scenarios where Higgs decays to electroweakinos are ab-
sent. In our scenarios the parameters My, M, and p vary, and

3 In particular, the expected upper cross section limit, an is not publicly

available in the Xl X1 mass plane. We therefore estimated O’exP by rescal-
ing the observed upper cross section limit, o03°, by the ratio o / a"bs calcu-
lated at the 95% C.L. expected limit contour hne

4 We choose My ~ My = 500 GeV and tan 8 = 10 as illustrative
example values in Sec. IV.



we thus employ the code HiggsBounds—-5.1.0beta [71-
75] to check the constraints from these (and other) Higgs
searches in the full parameter space.

Our example choice of M4 = 500 GeV and tan 3 = 10
is still allowed by current limits from LHC pp — H/A —
77~ searches. The parts of the parameter space where
Higgs decays to electroweakino are kinematically forbidden
will however be excluded if the current limit is improved by
~ 25%, whereas in the experimentally allowed parameter re-
gions with maximal branching fractions of the heavier Higgs
bosons to electroweakinos (see Sec. IV A) an improvement
by ~ (50 — 60)% is needed to obtain exclusion. Yet, as
we will argue at the end of Sec. IV, the dark matter phe-
nomenology and Higgs funnel mechanism is only mildly de-
pendent on tan 3, thus the scenarios discussed in this work
can easily be obtained at lower tan 3 values, which puts the
pp — HJ/A — 777~ searches out of reach in the near future.

We want to close this discussion with a comment on the
possibility of very light neutralino dark matter with m o <
150 GeV that achieves the correct relic density dominantly
through the Higgs funnel mechanism. In that case, the pseu-
doscalar Higgs mass needs to be M4 =~ 2mo < 300 GeV,
such that the heavy Higgs states are non-decoupled and Higgs
mixing effects will impact the light Higgs signal rates and cou-
pling properties. In the bino-Higgsino case, where p is small,
Higgs rate measurements will significantly constrain these
scenarios. In contrast, in the bino-wino case, where p is large,
the possibility of Higgs alignment without decoupling [76—
81] arises, in which one of the CP-even Higgs bosons obtains
the coupling properties of the SM Higgs boson due to an acci-
dental cancellation of tree-level and higher-order corrections
in the MSSM Higgs sector. In that case, even very light neu-
tralino dark matter in the sub-GeV to 65 GeV range could be
viable in a scenario where the heavy CP-even Higgs boson is
the SM-like Higgs boson at 125 GeV [82].

IV. RESULTS
A. Bino-Higgsino case

We start our study of the not-so-well tempered neutralino
with the case of a bino-Higgsino admixture. We decouple
the wino soft-breaking mass parameter, M, by setting it to
2.5 TeV. In order to illustrate the effects of resonant, quasi-
on-shell exchange of a heavy Higgs boson we set the pseu-
doscalar Higgs mass to M4 = 500 GeV and tan = 10.
We furthermore decouple the sfermion and gluino mass pa-
rameters by setting them to 5 TeV. We choose the trilinear
soft-breaking parameters (in particular A;) such that a light
Higgs boson mass of M}, ~ 125 GeV is ensured to a good
approximation everywhere in the parameter space.

We present our results in Fig. 1. The left panel shows our
results for negative relative sign between M; and p, while
the right panel displays them for positive relative sign. The
phenomenology is strikingly different in the two cases due to
important interference effects, as we discuss below.

The green vertical bands indicate the region ruled out by

LEP searches for chargino pair production (see Sec. IIIB 1).
The orange area is ruled out by current LHC searches for
pp — X9 = WEZXIXY conducted by the CMS collab-
oration (see Sec. IIIB2). Here, in the parameter region at
My ~ (130 — 250) GeV, |u| ~ (100 — 125) GeV, the ex-
clusion is obtained from the search designed for compressed
electroweakino mass spectra [51], while the other regions with
M; < |p| are excluded by the (traditional) multi-lepton plus
ET search [27]. Estimates of future exclusions by these col-
lider searches with 100 fb™' and 300 fb~' are shown as
dashed black lines. Dark blue regions are ruled out by the
recent XENON1T results [46] and the light blue regions indi-
cate the projected exclusion assuming a factor 2 improvement
of the XENONIT limit. Current gamma-ray indirect detec-
tion experiments do not provide any constraint on this param-
eter space. The magenta/pink shaded regions display a pro-
jected exclusion assuming an improvement by one, two and
three orders of magnitude of the current FERMI-LAT limit
obtained from dwarf-spheroidal galaxies [47], (see Eq. (10)
in Sec. I[IT A). The narrow region that predicts the observed
DM relic density is shown in red. For better orientation, we
also include in Fig. 1 dotted gray contour lines for the mass
difference between the lightest chargino and the lightest neu-
tralino, Am = Mg — Mo (roughly diagonal lines) and of
the lightest neutralino mass (hyperbolic-like lines).

The plots illustrate that without resonant annihilation, i.e.
outside the Higgs funnel region, models with the correct ther-
mal relic density are firmly excluded by direct detection, at
least in the region where the electroweakinos are relatively
light and possibly accessible at the LHC. In fact, we find that
for positive relative sign between M; and p even the funnel
scenario with correct thermal relic abundance is ruled out by
direct detection constraints, at least for the particular choice
of M4 we made here, and unless p is extremely large (far
beyond the range shown in Fig. 1).

Even after rescaling the direct detection exclusion lim-
its with the thermal relic abundance of the neutralino (if
& < 1), in case of positive relative sign between M; and
u, current LHC searches do not provide a significant ad-
ditional constraint given the XENONIT limit. The picture
is quite different for negative relative sign between M; and
1, where the spin-independent DM direct detection rates are
suppressed by destructive interference between the light and
heavy CP-even Higgs exchange (blind-spot). Here, current
LHC searches exclude regions not otherwise excluded by di-
rect detection. Specifically, the CMS search for compressed
electroweakino mass spectra [51] excludes the neutralino DM
under-abundant region where the lightest neutralino is light,
mgo ~ (100—120) GeV, and the mass splitting to the lightest
chargino is relatively small, Am ~ (7.5 — 20) GeV. We esti-
mate that the limit will marginally improve with 100 fb~* and
will eventually reach scenarios with lightest neutralino masses
above 150 GeV with 300 fb~'.5 The multilepton plus £

5 The projected exclusion line for 100 fb—?! is only marginally better than
the current exclusion due to an under-fluctuation of the currently observed
signal yield (and thus a better observed limit than expected limit) [51].
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regions, assuming a standard cosmological thermal history. The roughly diagonal and hyperbolic-like gray dotted contours give values for the

mass splitting, Am = m>'<1i —mg9, and the DM mass, mgo, respectively.

search [27] excludes the parameter space mostly in regions
where the neutralino DM is over-abundant — assuming the
standard cosmological thermal history — except for a region
w~ —(100 — 150) GeV, M; ~ (110 — 125) GeV (which is
however also excluded by XENON1T) and a region at low M;
values, where mgo < M), /2 ~ 62.5 GeV and thus the light
Higgs funnel mechanism is effective.

Prospects for indirect detection under the present assump-
tions are generally very bleak especially because of the sup-
pression of rates with the inverse square of the (under-
abundant) relic density. Nevertheless, in the case of negative
relative sign between M7 and u, and given the occurrence of
a blind-spot cancellation as chosen here, indirect detection re-
mains the only tool to experimentally probe the heavy Higgs
funnel region at |u| > M;. Our conclusions would of course
be different assuming non-thermal production of neutralinos
in addition to the thermal relic population.

It should be noted that the XENONIT exclusion in
Fig. 1(left) in the mostly over-abundant region, M; < |u|,
depends on the details of the destructive interference between
the h- and H-mediated diagrams for spin-independent DM-
nucleon scattering, and thus depends on tan 3 and the heavy
Higgs masses, My ~ M4 (see e.g. Ref. [83]). In contrast,
the LHC constraints are very robust in this regard and depend
only marginally on tan 3 through its effect on the neutralino
and chargino masses and mixing.

We summarize that a sub-TeV bino-Higgsino neutralino
DM candidate must be highly under-abundant unless moder-

ately light non-standard Higgs bosons H and A exist and serve
as quasi-resonant mediator(s) for neutralino pair-annihilation
and provide a blind-spot cancellation in spin-independent di-
rect detection experiments. LHC searches for direct pro-
duction of electroweakinos give additional constraints (be-
sides direct detection and DM relic density) only for a very
light neutralino LSP in the under-abundant neutralino DM
region. Given these findings, we now investigate comple-
mentary LHC strategies that could further shed light on the
question whether such non-standard Higgs bosons indeed ex-
ist and interact in the described way with the electroweaki-
nos. In particular, we assess the size of the branching ratios of
non-standard Higgs boson decays into lighter electroweakino
states for our scenarios. More detailed phenomenological
work on these signatures can be found e.g. in Refs. [8§4-95].
There are also early experimental studies of the LHC discov-
ery reach by ATLAS [96] and CMS [97].

In the top panels of Figs. 2 and 3 we show the branching ra-
tios for H, A and H* decays into the lightest neutralino (Y9)
and another, heavier electroweakino (¥, X9, Xi), for three
different slopes through the parameter space of Fig. 1(left),
i.e. for negative relative sign between M; and p. In Fig. 2(left)
and (right) we set u = —250 GeV and —125 GeV, respec-
tively, and show the results as function of M;. In contrast, in
Fig. 3 we fixed M7 = 200 GeV and leave y as a free param-
eter. The remaining parameters are the same as in Fig. 1. In
each case, the bottom panels show the masses of the light elec-
troweakinos (Y9, X9, X3, X) for the same parameter choices
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FIG. 2. Branching ratios of heavy Higgs boson decays to light electroweakinos (fop row) and electroweakino mass spectrum (bottom row) as
function of the bino mass parameter M in the bino-Higgsino neutralino DM scenario, for i = —250 GeV (left) and pn = —125 GeV (right).
We again choose tan 5 = 10 and a pseudoscalar Higgs mass of M4 = 500 GeV.

as in the panel above. The blue and orange shadings again in-
dicate the excluded parameter space by XENONIT and CMS,
respectively, and the hatched region is excluded by the ther-
mal relic abundance exceeding the observed dark matter abun-
dance.

Before imposing the direct detection and relic density con-
straints, we find that for our scenarios (with tan = 10)
the branching fractions for the neutral Higgs decays H/A —
9% (i = 1,2, 3) each can at most be ~ 10%, while the one
for the charged Higgs decay H* — {)X{ can be slightly
higher, up to 25%. However, after imposing the constraints
from the thermal relic abundance and XENONI1T the latter de-
cay rate shrinks to ~ 6%. The decay rate for H/A — 9%3
is always significantly smaller than the rates for the invisible
decay H/A — XX} and H/A — Y9x3 (f kinematically
allowed). The vanishing branching ratio for H/A — Y{x%
at My ~ 120 GeV in Fig. 2 is due to an accidental cancel-
lation in the coupling expression for the ¢x{X3 (¢ = H, A)
coupling.

The experimental signatures arising from these decays are

the following: The process pp — H/A — x3x{, with suc-
cessive decay Y5 — ZX?, offers the opportunity to search for
a Z+J signature. In the yet unexcluded regions (see above),
the mass splitting between Y9 and X! is at least ~ 50 GeV,
thus leptons originating from the decaying Z boson should
be hard enough to be experimentally observable. Alterna-
tively, the decay Y3 — hx{ can give rise to a h + Fp sig-
nature. We found that branching ratios of up to 60% are pos-
sible in some regions of the parameter space [e.g. at around
M, ~ (110 — 115) GeV for p = —250 GeV (left panels
in Fig. 2)]. For tan 8 2 10, the Higgs production in associ-
ation with b-quarks is also sizable, leading to the possibility
of additional b-jets. In our example for M4 = 500 GeV,
tan 8 = 10, we estimate the 13 TeV LHC cross section
for H (A) production to be around ~ 34.8 (45.5) tb and
~ 229.9 (230.6) b for gluon fusion and bottom quark as-
sociated Higgs production, respectively.® In addition, the de-

6 Our cross section estimates are obtained by rescaling the most recent pre-
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cay H/A — ¥9%Y leads to the same signature and will con-
tribute to the signal yield, however, the branching fraction is
smaller and the Y9—x! mass splitting is smaller. Searching
for the invisible Higgs decay H/A — X{xX! is a rather dif-
ficult as this signature requires at least one additional object,
such as a Z boson from the Higgs-Strahlungsprocess, a jet
from initial state radiation, or b-jets from Higgs-bottom quark
associated production. Lastly, experimental searches for the
charged Higgs boson decay H* — )Zf X{, with the chargino
decaying to 100% to a W boson and the neutralino LSP, can
be performed assuming top-quark associated charged Higgs
production, pp — H*tb, although SM backgrounds from top
pair production are challenging [88].

dictions from the LHC Higgs Cross Section Working Group, see Ref. [98]
(and references therein).

B. Bino-Wino case

We now move on to the bino-wino case, i.e. My ~ My <
. Fig. 4 shows current and future collider and dark mat-
ter constraints in the parameter plane defined by M> on the
horizontal axis and the difference (M3 — M) on the vertical
axis. In the left and right panel we set p = 750 GeV and
2.5 TeV, respectively. We use the same values for tan 5 = 10
and M4 = 500 GeV as in the bino-Higgsino case, and again
choose the sfermion and gluino mass parameters to be 5 TeV.
As before, the trilinear soft-breaking parameters are adjusted
to yield a light Higgs boson mass of M), ~ 125 GeV.

The hatched region features over-abundant relic dark mat-
ter, while the red stripes indicate the parameter region where
the thermal relic density is within the range of the observed
cosmological dark matter. Again, the orange regions are ruled
out by current LHC searches, and projections for 100 fb™*
and 300 fb~! are given by the dashed lines. The exclusion
from the CMS search for compressed electroweakino mass
spectra [51] appears at small values of (My — M;) ~ =5 to
20 GeV, while the other region at larger (My — M;) values
(within the over-abundant relic DM region) is excluded by the
multi-lepton plus J0 search [27]. The green region is ruled
out by LEP chargino searches. In the left panel, the dark blue
region is excluded by the current XENONI1T direct detection
results, while in the right panel, it shows the sensitivity if the
current XENONI1T limit is improved by a factor of 25. Fur-
thermore, the light blue region shows future sensitivities for
a rescaling of the XENONIT limit by a factor of 2 and 50 in
the left and right panel, respectively. The magenta regions
again indicate the sensitivity of indirect dark matter detection
assuming an improvement by one, two and three orders of
magnitude of the current FERMI-LAT limit, going from high
to low opacity.

The heavy Higgs funnel appears around the region where
the lightest neutralino mass is close to M4 /2 = 250 GeV,
which naturally shows up as a diagonal strip on the [Ms,
(My — M)] parameter plane. Apart from the funnel region,
the difference (M — M7) is required to be < 5 GeV and quite
finely tuned in order to predict the observed DM relic abun-
dance. Note also that for My < M; the lightest neutralino
is wino-like and vastly under-abundant for most of the mass
values we focus on here.

The key observation from these results is that for suffi-
ciently low values of p direct detection experiments rule out
large swaths, although not all, of the parameter space compat-
ible with the correct thermal relic abundance. Again, the fun-
nel region is problematic for direct detection searches due to
the suppression of the detection rate with the neutralino ther-
mal relic density. For larger p values the situation is entirely
different, and direct detection quickly becomes ineffective. As
we noted earlier, the Higgsino-gaugino mixing drives the cou-
pling of the neutralinos to the Higgs bosons. As large values
of |u| > My, M, effectively decouple the gaugino-like neu-
tralinos from the Higgs sector, the couplings between these
neutralinos and the Higgs bosons become very small. Con-
sequently, the rates for dark matter scattering off of ordinary
matter are highly suppressed at large i values.
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We further illustrate this feature in Fig. 5. In the left
panel we show the rescaled spin-independent neutralino DM-
nucleon scattering cross section, ogy, for a slope along Mo
through our bino-wino benchmark scenario (Fig. 4) defined by
(M3 — M) = 10 GeV, for the choices p = 750 GeV (green
line) and 2.5 TeV (red line), as well as for y = —750 GeV
(magenta line). The second z-axis gives the lightest neu-
tralino mass corresponding to the My values on the primary
z-axis. We also include the current XENONI1T limit (blue
region) as well sensitivity curves for improvement factors of
2, 50 and 100 of the current limit (blue dashed lines). We
can easily identify the funnel region, where the predicted neu-
tralino relic density is lower than the observed dark matter
relic abundance, £ < 1, and og; therefore drops due to the
rescaling with £. Moreover, we see that og; is more than
one order of magnitude lower for p = 2.5 TeV than for
= 750 GeV. In the case p = —750 GeV, the spin-
independent DM direct detection rates are again suppressed
by destructive interference between the light and heavy CP-
even Higgs exchange. This direct detection blind-spot ap-
pears around mygo ~ 350 GeV, and shows an impact over
a broad neutralino mass region. Hence, no exclusions arise
from the current XENON1T limit for this scenario, and future
results may or may not be sensitive (depending on how well
the blind-spot is realized).

The right panel of Fig. 5 provides a different perspec-
tive onto this phenomenon. Here, we choose two values for
the lightest neutralino mass outside the Higgs funnel region,
mgo = 150 GeV (red line) and 300 GeV (blue line), and
show og; as a function of the Higgsino mass parameter .
Along these slopes, the parameters M; and M5 are tuned in
order to match both the chosen neutralino mass and the ob-
served dark matter relic density, £ = 1. On the second x-axis
we indicate the Higgsino component of the lightest neutralino,
Z% + Z3,, corresponding to the y values on the primary -
axis. The dashed parts of the lines at p < 800 GeV are ex-
cluded by the current XENONIT limit. The plot illustrates
clearly how o g decreases with the decreasing Higgsino com-
ponent of the lightest neutralino, which in turn is realized by
an increasing Higgsino mass parameter || > My, M.

Let us briefly return to the discussion of Fig. 4 and com-
ment on the collider and indirect detection constraints. LHC
searches for direct electroweakino production are sensitive
to significant portions of the bino-wino parameter space, in-
cluding regions of correct thermal relic abundance. The cur-
rent exclusion from the CMS search for compressed elec-
troweakino mass spectra extends up to mgo ~ 200 GeV.
These constraints are largely independent of 1 and form there-
fore important complementary probes of bino-wino dark mat-
ter besides direct detection experiments. In fact, for very
large p values, e.g. for p = 2.5 TeV [Fig. 4(right)], these
collider searches provide the only relevant experimental con-
straint at the moment (besides the constraint from the ob-
served DM relic abundance).” Increased integrated luminosi-
ties of 100 fb~! and 300 fb~' will entail probing masses up

7 Note that for even larger y values in the multi-TeV range the second neu-
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to roughly 240 GeV and 280 GeV, respectively. Furthermore,
the best prospects for light, wino-like not-so-well tempered
neutralinos (with £ < 1) lie in these collider searches.

As in the bino-Higgsino case, indirect detection is still in-
effective at probing any of the shown parameter space. How-
ever, already with a factor of 10 improvement of the current
FERMI-LAT limit significant portions of the Higgs funnel re-
gion with £ < 1 become accessible, which are inaccessible
to collider searches and, if p is large, direct detection experi-
ments in the foreseeable future.

Since in our analysis we focus for simplicity on one repre-
sentative value of tan 3, we close this section with a com-
ment on how the resonant pair-annihilation mechanism via
the heavy Higgs bosons H and A depends on the choice
of tan 8. In the left and right panels of Fig. 6 we show
the thermal relic abundance, 42, and the re-scaled spin-
independent neutralino DM-nucleon scattering cross section,
o5y, respectively, as a function of Ms, for a fixed value of
1 =750 GeV and for a constant bino-wino mass difference,
(Mg — M;) = 10 GeV. As in Fig. 5(left), we indicate on the
upper horizontal axis the lightest neutralino mass, myo, cor-
responding to the M> values on the lower horizontal axis (as-
suming tan S = 10). The red line corresponds to tan 8 = 10,
our previous benchmark value, while the green and blue lines
indicate, respectively, tan 3 = 5 and 25. Both plots illustrate
that while some variation with tan S exists, the qualitative pic-
ture is unchanged and our results obtained for tan 5 = 10 are
thus broadly applicable to larger or smaller values of tan 5.

V. DISCUSSION AND CONCLUSIONS

The standard lore is that the well-tempered neutralino is un-
der siege, especially from recent results of direct dark mat-
ter detection experiments, and that collider searches for well-
tempered neutralinos are generally outdone by direct searches
for dark matter. Here, we considered not-so-well tempered
neutralinos, defined as the ensemble of models both with the
“correct” and with under-abundant thermal relic densities, and
where we assume exclusively thermal production for under-
abundant models (thus implicitly invoking an additional dark
matter species to explain the rest of the universal non-baryonic
dark matter).

We focused on neutralino and chargino masses in a range
potentially accessible to collider searches with the LHC, and
systematically compared collider searches with direct and in-
direct searches for neutralino dark matter. In particular, we
considered models with the lightest neutralino being a bino-
Higgsino or bino-wino admixture, since both the limiting
cases of pure bino, wino and Higgsino, and the wino-Higgsino
case do not offer any interesting interplay between collider
and dark matter searches.

We find that, as in the standard lore, bino-Higgsino well-
tempered neutralinos are indeed ruled out by direct searches

tralino can acquire a macroscopic decay length, which warrants dedicated
displaced vertex searches at the LHC [99].
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for sub-TeV neutralino masses, assuming effects from the
MSSM Higgs sector can be neglected. In contrast, if the lat-
ter assumption does not hold, there can be two important ef-
fects, namely: (i) resonant annihilation through the neutral
heavy Higgs bosons (“Higgs funnels”), and (ii) suppression
of the spin-independent DM-nucleon scattering cross section
through destructive interference between processes mediated
by the light and heavy CP-even Higgs boson (“blind spots”).
These blind spots can lead to a strong mitigation of the di-
rect detection constraints in relevant regions of the parameter
space where M7 and p have opposite sign. Such regions can
then be probed by collider searches for electroweakinos (if
they are light enough), which thus provide important com-
plementary constraints. Here, dedicated LHC searches for
compressed electroweakino mass spectra are particularly im-
portant, as they are sensitive to parameter regions that do
not feature an over-abundant relic neutralino. In fact, in the
bino-Higgsino case, these searches mostly probe the not-so-
well tempered neutralinos for which direct detection is flux-
suppressed. This illustrates again the important complemen-
tarity of LHC searches and direct detection experiments.

In the bino-wino case, the relevance of direct detection con-
straints depends strongly on the value of p with respect to
M, and M,. This is because the relevant neutralino cou-
pling to a neutral Higgs boson depends on both the gaugino
and Higgsino fraction of the neutralino. Hence, in the limit
where |u| > My, Mo, this coupling is suppressed. We find
that, for p < 800 GeV, the XENONIT limit is still able
to exclude the well tempered bino-wino neutralino (with the
correct thermal relic abundance). For larger p values, how-
ever, current spin-independent direct detection limits do not
yield any constraints on the parameter space. Note also, that
in the case ;< 0, blind spots for dark matter direct detec-
tion searches can again appear due to the cancellation of the
contributions from light and heavy CP-even Higgs exchange,

and thus no robust statement about the XENON1T constraints
on u can be made in this case. In contrast, collider searches
for electroweakinos are largely independent of p (as long as
|| > M7y, M>), and currently constitute the only direct probe
if |u] > 800 GeV. Again, searches focusing on compressed
electroweakino mass spectra are particularly important, as
they are sensitive to both scenarios with well-tempered and
not-so-well tempered neutralino dark matter. Current search
results from the CMS collaboration exclude neutralino masses
up to ~ 200 GeV, with prospective sensitivity to mass val-
ues of 240 GeV and 280 GeV with integrated luminosities of
100 fb~! and 300 fb~!, respectively.

We find that in all cases indirect searches via gamma-ray
observations do not offer competitive constraints with respect
to direct detection experiments and collider searches for the
not-so-well tempered neutralino.

In conclusion, LHC searches for electroweakinos continue
to be well-motivated in the context of supersymmetric mod-
els with heavy sfermions and gluinos. In particular, LHC
searches are highly complementary to dark matter direct de-
tection experiments in the case of “not-so-well-tempered”
neutralino models, i.e. models that feature an under-abundant
thermal relic density, as well as in models with a bino-wino
mixed lightest neutralino. In fact, in the latter case, for large
w values, collider searches are currently the only means to di-
rectly probe these scenarios.
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